Electrophoretic analysis of outer membrane proteins showed that Sulmonella typhi OmpC expression is not reciprocally regulated relative to OmpF as described for Escherkhia co/i and S. vphimurium.
Introduction
The adaptation of Gram-negative bacteria to their surroundings includes changes in the composition of outer membrane proteins (OMPs). It has been reported that the relative amount of two of the most abundant OMPs by environmental conditions such as osmolarity, temperature, pH and oxygen availability [l-.5] . The reciprocal regulation of porins has been proposed to be an adaptive response of these bacteria to different habitats. In an external environment with poor nutrient contents and low temperature, the larger pore sized OmpF is preferentially expressed. the contrast, expression of the slightly smaller pore sized OmpC is favored when the bacteria colonize a nutrient-rich milieu, such as the intestine of the animal host, where conditions of high salinity, high temperature and low oxygen availability are encountered [6] .
The human pathogen Salmonellu @phi produces two porin species with apparent molecular masses of 36 and 35 kDa, similar to S. typhimurium OmpC and OmpF porins, but it does not synthesize OmpD . In contrast to the situation in E. coli and S. t?,phimurium, relatively little is known about regulation of S. typhi porin expression by environmental conditions. Electrophoretic analysis suggested that OmpC expression is not regulated by medium osmolarity in aerobically grown bacteria [IO] . Concerning OmpF regulation, no studies have been reported.
In the present work, we have used electrophoretic analysis and gene fusion technology to study porin regulation by medium osmolarity, temperature and oxygen availability in S. typhi.
Materials and methods

Bacterial strains, plasmids, media and growth conditions
Salmonella @phi Ty2 was obtained from the Institute of Public Health, Chile; E. coli JM 109 [ 111 and DHScu were donated by A. Venegas. Plasmid pKL542 (Amp') containing E. coli ompC-IacZ cloned in pMLB524 was made available by M. Inouye; plasmid pMH622 (Amp') containing E. coli ompF-1acZ cloned in pMLB524 was obtained from S. Maloy; plasmid pCR II (Invitrogen Corp.) containing the 1acZ gene and its promoter was provided by R. Vicuiia. All strains were routinely grown in Luria broth (1 .O% tryptone, 0.5% yeast extract, 0.5% sodium chloride). Medium 63 [ 121, supplemented with glucose 0.2%, tryptophan 25 mg 1-l and cysteine 25 mg II' (M63-S), was used as the defined medium. When needed, media were supplemented with ampicillin 40 pug ml-' . Media of differing osmolarity were prepared with M63-S diluted or supplemented with increasing amounts of NaCl. 0.06 and 0. To this end, bacteria were grown in 0.7 osmM M63-S for 60 min. centrifuged, washed and resuspended in the 0.16 osmM medium. Osmolarities were determined as described [ 131 or using an Advanced Osmometer Model 3W, Advanced Instruments. Aerobic growth was achieved by vigorous shaking of IO-ml cultures in 100-m] flasks plugged with cotton. Anaerobic cultures were grown without shaking in filled test tubes with the medium overlaid with mineral oil. Cultures were started with 0. I ml of an overnight inoculum grown in M63-S at 37°C. Bacteria were grown in media of different osmolarities at 30°C or 37°C aerobically or anaerobically, up to the mid-exponential phase. Subsequently, outer membrane fractions were obtained or ,@galactosi-dase assays were performed.
Outer membrane protein preparation and SDS-PAGE
The OMPs fraction was obtained as described [ 141. SDS-PAGE was performed in 12.5% polyacrylamide slabs [ 151. All samples were heated at 100°C in the sample buffer before electrophoresis. Densitometric measurements of the Coomassie brilliant blue-stained OmpA, OmpF and OmpC bands were obtained at 575 nm from ACD-IS Automatic Computing Densitometer, Gelman Sciences Inc.
@Galactosidase assays
P-Galactosidase activity was determined from exponentially grown bacteria (ODhOOnm = 0.2) using the SDS-chloroform permeabilization method [161.
3. Results
Porin regulation in S. ephi Ty2
The OMP profile of cells grown in media of different osmolarity was analysed. The amount of OmpC or OmpF was determined by densitometric analysis of Coomassie brilliant blue-stained gels relative to the absorbance of OmpA, which is considered to be constitutively expressed [ 10, 17, 18] . This was done to reduce fluctuations in the levels of porins due to differences in the amount of sample loaded on the gel. Under aerobic growth conditions at 37°C in Luria broth, expression of OmpC increased with medium osmolarity up to 0.3 osmM and then remained constant up to 1 .O osmM. At osmolarities higher than 1.0 osmM, OmpC expression was repressed (Fig. IA) . Under anaerobiosis, maximal OmpC expression was observed at 0.3 osmM, being repressed at osmolarities higher than 0.3 osmM ( lB>. On the other hand, the amount of OmpF decreased as the osmolarity increased. OmpF was further repressed in anaerobically grown bacteria. When bacteria were grown in M63-S media under both aerobic and anaerobic conditions, the level of OmpC was reduced in a steady manner as the osmolarity increased, while OmpF expression was repressed ( Fig. 2A, B expression of this gene fusion was assayed in media of varying osmolarities at 37°C. As shown in Fig.  3A , P-galactosidase activity was maximal at 0.16 osmM under anaerobiosis and at 0.3 osmM under aerobiosis. At higher osmolarities, P-galactosidase was repressed. Endogenous OmpC was regulated in S. ryphi Ty2/pKL542 as it is in S. typhi Ty2 (results not shown). In E. coli JM109/pKL542 (Fig. 3B ) grown anaerobically, maximal P-galactosidase expression was observed at 0.7 osmM, while in aerobiosis enzyme activity continuously increased throughout the range of osmolarities tested. The same results were obtained, regardless whether the growth temperature was 30°C or 37°C.
Regulation of E. coli ompF expression in S.
typhi S. typhi Ty2/pMH622 bearing the E. co/i ompF-1acZ fusion was grown at 37°C at osmolarities ranging from 0.03 to 1.1 osmM. P-Galactosidase activity was reduced as the osmolarity increased. Under anaerobic conditions, expression of ompF was significantly lower than under aerobiosis at all osmolarities (Fig. 4A) . Similar results were obtained in E. colt' JM109/pMH622 (Fig. 4B) . However, when these assays were performed at 30°C no repression of ompF by anaerobiosis occurred in S. ~phi/pMH622: P-galactosidase activities were similar to those in aerobiosis (data not shown). This was confirmed by experiments in which bacteria were grown at 30°C under aerobic or anaerobic conditions in 0.7 osmM medium and then shifted to 0.16 osmM. In S. l[vphi/pMH622, induction of ompF was identical under both conditions of oxygen availability (Fig.  SA) . In contrast, in E. coli/pMH622 induction of otnpF was significantly increased under aerobic conditions (Fig. 5B) .
To further investigate the temperature regulation of OmpF. bacteria were grown at 30°C for 60 min, then the temperature was raised to 37°C. Remarkably, in S. @phi/pMH622 ( Fig. 6A ) P-galactosidase activity was induced during the temperature shift. As expected, in E. coli JMl09/pMH622, the opposite effect was observed (Fig. 6B ).
Discussion
In our study, It is known that osmolarity, oxygen tension and temperature affect DNA topology [20] , and that porin expression is sensitive to the level of DNA supercoiling [5, 21] . Because the fusions used in our study are carried on a plasmid and the copy number of plasmids may be affected by DNA supercoiling, we have monitored expression of /acZ encoded in plasmid pCRI1 by measuring P-galactosidase activity versus medium osmolarity (0.16-I .O osmM). Our results indicate that an induction of enzyme expression occurs at osmolarities above 0.8 osmM (Fig. 3, insert) . This suggests that our results are not influenced by such effects in the range of 0.06 to 0.8 osmM.
As found in E. coli and S. typhimurium [S] , S. typhi ompC is induced by anaerobiosis. However, in contrast to what has been described in E. coli (51, we found that OmpF expression is repressed by anaerobiosis both in E. coli and S. typhi.
Finally, we have detected a different effect of temperature on the expression of ompF; when the growth temperature is shifted from 30°C to 37°C ompF-1acZ fusion is induced in S. typhi while the opposite effect is observed in E. coli. This is most interesting because the way porins are regulated in E. coli and S. typhimurium suggested that OmpC might be the only porin being expressed inside the host [6] . Our results suggest that this might not be the case for S. qphi. Although regulation of porins in S. gphi is similar in general terms to what has been described for E. coli, differences in the way environmental signals affect both OmpC and OmpF expression were found. cance of this differential clear.
